The instantaneous response of the left ventricle to loss or recoverv of effective atrial contraction was studied in 12 patients with valvular aortic stenosis by producing A-V dissociation by electrical pacing of the ventricles so that some ventricular contractions were preceded by an effective atrial contraction while others were not. A conventional hydraulic formula relatinig size of the aortic valve orifice, pressure gradient, and flow was used to estimate beat to beat stroke volume. A properly timed atrial contraction augmented left ventricuilar performance in all patients, increasing stroke volume index from 14 to 55% (mean, 27%) anid stroke work from 17 to 85% (mean, 453%).
various mechanical functions, some passively, but most through atrial contraction. The atria are volume pumps augmenting ventricular filling.'-; A properly timed atrial systole increases ventricular end-diastolic fiber length increasing ventricular stroke vork.6 Without effective atrial systole atrioventricular (A-V) valve closure may be impaired leading to regurgitation.7 iI Atrial systole permits ventricular filling at lower mean atrial pressures thus protecting against venous congestion2 1 and the atria function as volume and energy reservoirs.1" Though this last activity is performed in a passive manner, it may be interfered with by an improperly timed atrial systole.
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The importance of atrial systole in man remains controversial despite a recent surge of investigative activity brought about by advances in the treatment of arrhythmias and complete heart block. In this study an attempt was made to quantitate the effect of atrial systole on left ventricular performance in patients with valvular aortic stenosis.
Cardiovascular control is quite complex and many factors may influence left ventricular performance. To reduce the possibility of other mechanisms contributing to changes in left ventricular performance and to better evaluate the effect of atrial contraction alone, the response of the left ventricle to momentary loss and recovery of effective atrial systole was studied. Beat to beat changes in the effectiveness of atrial systole were produced by creating A-V dissociation through electrical pacing of the ventricles. The stenotic aortic valve was utilized as a flow meter for estimation of stroke volume for individual ventricular contractions. Stroke volume and other parameters of left ventricular performance with and without an effective atrial systole are compared to assess the contribution of atrial contraction. The influence of atrial contraction on integrated or steady state cardiac response is also considered.
Methods
Eleven patients with valvular aortic stenosis and one patient with a gradient across an aortic ball-valve prosthesis were studied. The latter patient (F.C.) was 8 months post surgery and her initial aortic valve lesion was severe stenosis. Ten of the patients were men; two were women. Ages varied from 17 to 64 years. All were in sinus rhythm. Several patients had mild aortic insufficiency manifest only by a short, soft, basilar diastolic murmur. One patient (R.T.) had moderate aortic insufficiency and one (R.M.) had moderately severe aortic insufficiency. All were free of mitral valve disease except one (M.P.) who had mild mitral stenosis. Aortic stenosis varied from moderate to severe with calculated valve areas from 0.82 to 0.32 cm2.14 Nearly all had electrocardiographic, radiographic, or angiocardiographic, or all three types of evidence of left ventricular hypertrophy. Most of the patients had had symptoms of congestive failure, angina or syncope, or all three, but were asymptomatic at rest at the time of the study.
Circulation, Volume XXXV, May 1967 Patients were studied in the post-absorptive state in conjunction with right and left heart catheterization. Meperidine, 50 to 100 mg, and pentobarbital sodium (Nembutal), 50 to 100 mg, were given intramuscularly 30 minutes before the start of the catheterization. Local procaine (Novocain) anesthesia was used for all percutaneous cannulation or exposure of vessels.
Pressures were measured with equisensitive P 23 Db Statham transducers.* Left ventricular pressures were measured through an 8F or 9F Ross cathetert introduced transseptally into the left atrium and then directed into the left ventricle. Arterial pressures were measured through an 18-gauge Cournand needlet in a brachial artery or a 0.045-inch ID radiopaque polyethylene cathetert advanced retrograde into the root of the aorta. A PES0 catheter § was introduced percutaneously into a left antecubital vein and advanced to the right atrium for injection of indicator dye. A 5F or 6F bipolar pacing cathetert was inserted into a right antecubital vein and the tip guided to the apex of the right ventricle. All events were recorded on a multichannel photorecorder.** Pressures were recorded at a paper speed of 100 mm/sec with time lines at 20-msec intervals. Cardiac output determinations were performed by dye-dilution technique using indocyanine-green dye.tt Sampling was from a brachial artery through a Gilford cuvette densitometer using a Gilford constant flow system.# With the patient in sinus rhythm, left ventricular and arterial pressures were recorded simultaneously and cardiac output was determined twice. Right ventricular pacing was then instituted through the bipolar electrode catheter with a battery-powered external pacing unit.*** This produced dissociation of atrial and ventricular systole so that some ventricular contractions were preceded by atrial contraction while others were not. The ventricles were paced at the slowest rate giving sustained capture of ventricular depolarization, from 77 to 133 beats/min. After were recorded continuously for 1 to 3 minutes and cardiac output was determined again. In six patients cardiac performance was studied with right atrial pacing at the same heart rate used for right ventricular pacing. After 5 minuites of right atrial pacing left ventricular and arterial pressures were recorded and cardiac output was measured.
Ten consecutive cardiac cycles recorded during sinus rhythm were analyzed and values averaged. Left ventricular peak-systolic pressure, left ventricular end-diastolic pressure, left ventricular mean systolic pressure, aortic valve mean systolic gradient, brachial artery systolic pressure and brachial artery diastolic pressure were determined. The mean systolic aortic valve gradient and the left ventricular mean systolic pressure were measured by planimetry of the pressure CUIrVes. The arterial pressure curve was redrawn to correct for time lag wvheni necessary. Left ventricular ejection time wvas measured from the simultaneous arterial and left ventricular pressuire recordings. Cardiac output was determined from dye curves by the Stewart-Hamilton method. The aortic valve area was calculated by the method of Gorlin and Gorlin. Stroke volume index, stroke power index, nean rate of left ventricuilar ejection, left ventricular minute work index, and tension time index were derived. Left ventricular mean systolic pressure minus left ventricular end-diastolic pressure was used in the calculation of stroke work, minute work, stroke power, and tension time index.
Thirty to 154 cardiac cycles were analyzed in individual right ventricular pacing-A-V dissociation studies. Pressures and ejection time were measured for each ventricular contraction. The formuila of Gorlin and Gorlin relating pressure gradient, valve area, and flow was transposed to solve for flow. Assuming the aortic valve area to be fixed, and using the valve area calculated from measurements during sinus rhythm, stroke volume was calculated for each ventricular contraction. Transposition of the formula of Gorlin and Gorlin follows: This method has not been compared with other methods for measuring beat to beat left ventricular flow. The validity of this method depends upon the aortic valve orifice size remaining fixed and upon the applied bydraulic formula accurately representing the relationship between orifice size, pressure gradient, and flow throughout the conditions of the studv. Levine and Britman have made sorne investigation into the relationship between pressure gradient across aii aortic orifice and aortic flow.li
In dogs with surgical coarctation or balloon partial obstruction of the ascending aorta, the time course of aortic root flow as measured by the square root of the pressure gradient and by an electromagnetic flow meter compared closely. This does not prove that the pressure gradienit method accurately measures stroke volume. It does indicate that with two different types of orifices, changes in the square root of the pressure gradienit closely reflect changes in flow.
Other methods for measuring beat to beat flow are considerably more difficult to use and often impractical in intact man. While further evaluation of the aortic gradient method for measuring beat to beat flow is needed, the simplicity and apparent accuracy of this method probably justify its use for it permits one to extend observations in intact man to include beat to beat changes in left ventricular stroke volume.
Regurgitant flow across the aortic valve introduces an error in measurement of left ventricular stroke volume by the method employed in this study. In most patients the aortic regurgitation was absent or verv mild and probably had little influence on calculated stroke volume. In two patients aortic insufficiency was moderate or moderately severe and true left ventricular stroke volume was probably greater than the estimated value. Unless the degree of aortic regurgitation varied considerably under the different conditions of this study, aortic regurgitation would not greatly affect the observed change in left ventricular performance with effective atrial systole though absolute values may be in error.
Stroke volume index, stroke work index, stroke power index, mean rate of left ventricular ejection index, and tension time index were derived for each ventricular contraction. PR intervals for each cardiac cycle were measured from the electrocardiogram, a lead being selected which clearly demonstrated P waves, and all parameters of left ventricular performance were plotted against PR interval.
The mean response to right ventricular pacing was determined by averaging pressures and ejection time of all ventricular contractions during the study. Flow from the dye dilution-cardiac Circulation, Volume XXXV, May 1967 output during right ventricular pacing was used in the calculation of all mean parameters of right ventricular pacing in xvhich flow is a factor.
The right atrial pacing studies were analyzed just as the studies with normal sinus rhythm. Pressures and ejection times were determined by averaging 10 ventricular contractions.
Standard deviations were determined by a conventional method. 16 Differences of various parameters were evaluated by the method of paired means. 17 
Results
In all patients studied the temporal relationship of atrial systole to ventricular systole markedly influenced left-ventricular performance. Figure 1 shows left ventricular and brachial artery pressures and the electrocardiogram in one patient during pacing produced A-V dissociation. The recording paper speed is only 25 mm/sec which is too slow for measurement of some parameters. It does illustrate the marked increase in left ventricular systolic pressure. left ventricular end-diastolic pressure, brachial artery systolic pressure, and peak aortic gradient in cardiac cycles with an appropriately placed atrial svstole. When stroke volume index and stroke xxork index were plotted against PR interval, curves similar to those in fgures 4 and 5x were found for each patient. All cardiac cycles with a PR interval within a 0.05-second range were averaged and plotted as one valtie for simplification. PR Effect of atrial contraction oni left ven-tricular performance in a patient wit/i valrvular aortic stcnosis. Atrioventricular dissociation was p,roduced by electrical pacing of the ventricles. Measured and derived paramteters of left ventricular performnance are given belowc each tventricular comnplex. Atugmentation of left ventricilar perfornmance by a properly timed atrial systole is readily apparent. LV = left ventricle, Ao = aorta, ECG _ electrocardiogram, dp/dt = first derivative of left ventricuilar pressure, PR interval = seconds, GRAD. = mean systolic aortic valve gradient, E.T. = left ventricular ejection timiec, seconds, S.V.I. =.stroke volume index, ml/m2, S.W.I. =.stroke work index, g-minn2.
Circulalion, Volume XXX, AXlaiy 19 f67 85a6 VALVULAR AORTIC STENOSIS ventricular systole, mechanical atrial systole may occur in the next ventricular diastole influencing the following ventricular contraction. Replotting these borderline atrial systoles permits one to associate them with both the preceding and following ventricular event.
As the PR interval shortened to less than 0.25 second, there was a progressive increase in stroke volume index and stroke work index to a maximum value which occurred at 0.20 to 0.25 second in one patient, 0.10 to 0.15 second in nine patients and 0.05 to 0.10 second in two patients. With further shortening of the 
Figure 4
The relationship of stroke volumte index and stroke work index to PR interval in a patient with valvular aortic stenosis. Variation in the temporal relationship of atrial systole to ventrictular systole was produced by electrical pacing of the ventricles causing A-V dissociation. All cardiac cycles with a PR interval within a range of 0.05 second were averaged and plotted as one value. Data are represented by solid circles connected by solid lines and are referred to the middle QRS. Open circles connected by a broken line are replots of the original data referring to a preceding or following QRS. The line above and below each point represents 1 standard deviation. Atrial systoles with a PR interval of 0.10 to 0.20 second significantly augmented left ventricular stroke volnine index and stroke work index. PR interval below the optimal range, stroke volume index and stroke work index decreased. Minimum values were reached at PR intervals from -0.05 to 0.10 second to 0.30 to -0.35 second. In general, stroke volume index and stroke work index were relatively constant when the P wave occurred in very late electrical ventricular diastole, during electrical ventricular systole or in very early electrical ventricular diastole. In some patients, such as R.T., a lower stroke volume index was noted when electrical atrial systole occurred near the onset of electrical ventricular systole. However, stroke volume index and mean systolic pressure in each patient. Peak systolic pressure was increased 11 to 50 mm Hg (mean, 28 mm Hg) and mean systolic pressure, 8 to 46 mm Hg (mean, 23 mm Hg). Left ventricular end-diastolic pressure rose significantly in eight of the 12 patients with a mean increase for the entire group of 6 mm Hg.
Arterial Pressures
A properly timed atrial contraction increased arterial systolic pressure in each patient 10 to 33 mm Hg (mean, 17 mm Hg). Changes in diastolic pressure were generally small, rising in some patients and falling in others.
Aortic Valve Gradient
The mean systolic aortic valve gradient increased significantly in all patients with an effective atrial systole of 5 to 27 mm Hg (mean, 12 mm Hg).
Left Ventricular Ejection Time
Left ventricular ejection time increased 20 to 63 msec (mean, 39 msec) with an appropriate atrial contraction. Change in ejection time was significant in each patient.
Stroke Volume Index and Stroke Work Index
Effective atrial contraction significantly increased left ventricular stroke volume index and stroke work index in all 12 patients.
Stroke volume index increased 3 to 11 ml/m2 (mean, 6 ml/m2) or 14 to 55%. Stroke work index increased 7 to 38 g-m/m2 (mean, 18 g-m/m2) or 17 to 85%.
Stroke Power Index, Mean Rate of Left Ventricular Ejection, and Tension-Time Index
Atrial contraction had a similar influence on stroke power index, mean rate of left ventricular ejection, and tension-time index.
Stroke power index increased significantly in all patients (5 to 54%; mean, 25%). Mean rate of left ventricular ejection increased significantly in 11 of the 12 patients (6 to 21%; mean, 11%). And tension-time index increased in all patients from 6 Changes in stroke volume index and stroke work index produced by effective atrial systole were correlated with other parameters of cardiac performance and with some indices of the severity of the heart disease. There were no significant correlations between change in stroke volume or stroke work index and any of the following: calculated aortic valve area, left ventricular end-diastolic pressure during normal sinus rhythm, cardiac index, or heart rate.
Integrated Cardiac Response to Right Ventricular Pacing Table 2 compares the mean cardiac response to right ventricular pacing with normal sinus rhythm. All right ventricular pacing pressures, gradient, and ejection times represent the average value of all cardiac cycles during the pacing study. Cardiac index was determined by dye-dilution technique during the pacing study. Flow determined from this cardiac output was used in the calculation of parameters in which flow is a factor. With right ventricular pacing at a mean heart rate of 107, cardiac performance was-essentially unchanged from normal sinus rhythm with a mean heart rate of 79. Cardiac index was 2.56 L/min/m2 with normal sinus rhythm and 2.47 L/min/m2 with right ventricular pacing. Left ventricular minute work was 4.9 kg-m/iM2 with normal sinus rhythm and 4.8 kg-m/iM2 with right ventricular pacing. Changes in other parameters are related to the elevation of heart rate with right ventricular pacing.
Cardiac Response to Right Atrial Pacing
In table 3, integrated cardiac performance with right atrial pacing is compared with right ventricular pacing in six patients. Since paired heart rates were nearly identical, differences in perfonnance with right ventricular pacing reflect the effect of partial loss of the contribution of atrial contraction. Right atrial pacing increased integrated cardiac performance in four patients while no change was noted in two. Mean ventricular pacing was 2.34 L/min/m,2 and with right atrial pacing 2.65 L/min/m2 (P < 0.025). Augmentation of cardiac index with right atrial pacing ranged from 0 to 31%;
(mean, 13% ). Left ventricular minute work index was 4.7 kg-m/iM2 with right ventricular pacing and 5.5 kg-m/rM2 with right atrial pacing (P < 0.025). Left ventricular minute work increased 3 to 42% (mean, 17%). Mean values of left ventricular peak systolic pressure, left ventricular mean systolic pressure, aortic valve gradient, stroke volume index, stroke work index, and mean rate of left ventricular ejection were all higher with right atrial pacing. Changes in stroke power index, tension-time index, and left ventricular ejection time were not significant. The partial loss of atrial function with right ventricular pacing produced A-V dissociation and moderately impaired cardiac performance in most but not all patients.
Discussion
Others have studied changes in systolic pressures and left ventricular ejection times with momentary loss and recovery of effective atrial systole.'8 22 By using the stenotic aortic valve as a flow meter, it was possible to extend these observations in intact man to include stroke volume and other parameters.
Atrial contraction was capable of instantaneous augmentation of stroke volume and stroke work in each of 12 patients with valvular aortic stenosis. The change in left ventricular performance produced by atrial contraction varied from patient to patient. The magnitude of these changes did not correlate well with the severity of aortic stenosis, the Integrated or steady state response to loss or recovery of effective atrial contraction was studied by comparing cardiac performance with right atrial pacing and right ventricular pacing at identical rates. With right atrial pacing, each ventricular contraction was preceded by atrial contraction, while with right ventricular pacing effective atrial systole was lost from many cardiac cycles due to A-V dissociation.
Integrated cardiac performance was favorably influenced by atrial contraction in most patients. However, this response was less consistent and usually of less magnitude than the instantaneous response to recovery of effective atrial contraction. In two of six patients, R.F. and M.P. (table 3) , in both of whom it Circulation, Volume XXXV, May 1967 was previously demonstrated that atrial contraction could augment left ventricular performance, steady state cardiac performance was not improved by right atrial pacing.
Loss or recovery of effective atrial systole has little influence on steady state or integrated cardiac performance in some patients with severe cardiac dysfunction. In these patients atrial contraction appears to play a minor role in determining the level of cardiac performance. When the contribution of atrial contraction is lost, other adaptive mechanisms partially or completely compensate. And when atrial contraction is present, other factors seem to play a more important role in determining the level of cardiac performance.
It is possible that the altered ventricular depolarization with right ventricular pacing contributed to the difference in integrated found cardiac inidex to be equally depressed in man by right ventricular pacing and by right atrial pacing with disruption of the normal timing of atrial systole; these observations suggested that altered pathways of depolarization play a lesser part in changes in cardiac performance with right ventricular pacing than loss of effective atrial systole does.
Other studies of atrial contribution to cardiac performance in man have given results similar to those in this study. In previous studies, both instantaneous response and steady state response to loss or recovery of effective atrial systole have not been considered. With dissociation of atrial and ventricular activity a properly timed atrial systole invariably augmented instantaneous ventricular performance.18-22 When steady state cardiac response has been compared with atrial and ventricular pacing or synchronous and asyn-chronous ventricular pacing, integrated cardiac output has been increased by effective atrial contraction in most patients.28-34 However, in some patients little or no change in steady state cardiac output has been observed xwith loss or recovery of effective atrial systole.29 3() 32, 34. 3I5 Considerable variation has also been observed in integrated cardiac output response in patients with atrial fibrillation converted to sinus rhythm.3" 4 It was recently noted that effective atrial contraction may not occur immediately with conversion of atrial fibrillation to normal sinus rhythm. 46 Rodman and as-sociates47 observed an increase in cardiac ouitput in all 22 patients studied before and after cardioversion. But in several of these patients augmentation of cardiac output did not occur until hours to months after restoration of sinus rhythm. Snell and associates,51 studying patients with complete heart block, observed a somewhat smaller change in left ventricular stroke work with instantaneous loss and recovery of atrial contraction than was observed in this study. But the contribution of atrial contraction to integrated or steady state cardiac response in this study is similar to that observed with other types of heart disease. Atrial contraction plays an important role in preventing high mean left atrial pressure and pulmonary congestion in patients with resistance to left ventricular filling.12 But this study suggests that atrial contraction does not have an unusual effect on the performance per se of the hypertrophied left ventricle. From this study and other data it appears that effective atrial contraction is capable of augmenting left ventricular performance in most, if not all patients, with heart disease, but in some patients with and without severe 86"D underlying heart disease, the presence or absence of atrial contraction has little influence on the level of integrated cardiac performance. Factors which contribute to the ability of effective atrial contraction to augment integrated cardiac performance remain poorly defined.
